Despite being a member of the mismatch repair family of proteins, the biological functions of hMSH5 in human cells are presently elusive. Here, we report a novel physical and functional interaction between hMSH5 and c-Abl; the latter is a critical non-receptor tyrosine kinase involved in many critical cellular functions including DNA damage response, in which the kinase activity is normally suppressed in the absence of biological challenges. Our data indicate that hMSH5 associates with c-Abl in vivo, which is mediated by a direct physical interaction between the NH 2 terminus (residues 1-109) of hMSH5 and the c-Abl SH3 domain. This physical interaction facilitates the activation of c-Abl tyrosine kinase and the phosphorylation of hMSH5 in response to ionizing radiation. Our data also indicate that the hMSH5 P29S variant overactivates the c-Abl tyrosine kinase activity. Furthermore, it seems that the tyrosine phosphorylation of hMSH5 promotes the dissociation of hMSH4-hMSH5 heterocomplex. Together, the revealed physical and functional interaction of hMSH5 with c-Abl implies that the interplay between hMSH5 and c-Abl could manipulate cellular responses to ionizing radiation-induced DNA damages. (Cancer Res 2006; 66(1): 151-8) 
Introduction
Proteins that are involved in the DNA mismatch repair system are emerging as essential components of the DNA damage response pathways in mammalian cells (1, 2) . Through dynamic interplay with the DNA damage response network, mismatch repair proteins play important roles in maintaining faithful genetic transmission in both mitotic and meiotic processes. Increasing evidence suggests that in addition to their apparent roles in the process of mismatch repair, members of the mismatch repair pathway are also involved in mediating cellular responses to a wide spectrum of DNA damages, in signaling cell cycle checkpoint control, and in the process of homologous recombination (2) . It is generally known that the process of mismatch repair in mammalian cells requires the concerted action of multiple MutS and MutL homologues. Defects in any component of this pathway will render cells susceptible to genetic instability and predisposition to the development of cancer, in which the most prominent effects are seen in the development of hereditary nonpolyposis colorectal cancer (1) . In addition, the mismatch repair pathway is critically linked to cell cycle checkpoint control, and mismatch repair deficiency represents an important factor in mediating antineoplastic drug resistance to many clinically important alkylating drugs used in cancer chemotherapy (3) (4) (5) .
In spite of recent advances in our understanding of the mechanistic details involved with the human mismatch repair pathway, relatively little is known about the molecular mechanisms involving with human MutS homologue hMSH5 (6) . Recent studies have shown that mammalian MSH5 interacts with MSH4, leading to the formation of a heterocomplex (7) (8) (9) (10) . Although experiments done with wild type or mice lacking functional Msh5 or Msh4 genes offered compelling evidence to suggest that Msh5 and Msh4 could act together in both early and late stages of meiotic homologous recombination (11) (12) (13) , the precise roles of these two proteins as well as the functional necessity of their interaction during different stages of meiotic homologous recombination are presently undefined. Consistent with the speculated roles of hMSH5 and hMSH4 in homologous recombination is the recent demonstration that the purified hMSH5-hMSH4 heterodimer could specifically bind to Holliday junctions in vitro (14) .
In addition to its anticipated involvement in meiotic recombination, experimental evidence has also suggested that MSH5 could possess multiple cellular functions. For instance, mouse Msh5 played a critical role in chromosome synapsis, and Msh5 deficiency resulted in testicular and ovarian degeneration due to the massive induction of apoptosis (11, 12) , and a MSH5 mutant, msh5-22, in Coprinus cinereus could cause defective premeiotic DNA replication (15) . Furthermore, the involvement of MSH5 in DNA damage response has also been implicated in Saccharomyces cerevisiae (16, 17) . In particular, a gain-of-function yeast MSH5 Y823H allele has been shown to possess a dominant effect in mediating tolerance to DNA-alkylating agents (17) . To gain a better understanding of the functional roles of hMSH5 in humans, we have uncovered a novel functional association between hMSH5 and c-Abl. Our experiments show that hMSH5 physically interacts with c-Abl both in vivo and in vitro. In addition, our data indicate that hMSH5 represents a novel c-Abl substrate, and the common hMSH5 P29S variant overstimulates c-Abl tyrosine kinase activity.
Materials and Methods
Cell lines and mammalian transfection. The 293T/f-hMSH5 and 293T/ f45 cell lines were described previously (18, 19) . Cells were maintained in DMEM containing 10% fetal bovine serum (Biomeda, Foster City, CA) and 10 Ag/mL blasticidin (Invitrogen, Carlsbad, CA). For 293T/f45 cells, 2 Ag/mL puromycin (A.G. Scientific, San Diego, CA) was also included in the culture medium. The cDNA open reading frames (ORF) encoding the wild type and the kinase-inactive c-Abl (1a) K290R were cloned into pcDNA3.1-Myc (Invitrogen) to generate corresponding mammalian expression constructs. To express c-Abl in 293T/f-hMSH5 cells, relevant expression constructs were used to perform transient transfection with a standard calcium phosphate procedure.
Western blot analysis and antibodies. Western blotting was done as described previously (18, 19) . Antibodies used in this study included a-c-Myc, a-HA, and a-His 6 (Roche, Indianapolis, IN), a-hMSH4 (20), a-hMSH5 (18), a-FLAG (Sigma, St. Louis, MO), a-c-Abl monoclonal 8E9 (BD PharMingen, San Diego, CA), a-p-Tyr and a-p-c-Abl Tyr245 (Cell Signaling, Beverly, MA), a-GST (Amersham Pharmacia Biotech, Piscataway, NJ), a-GFP polyclonal (Clontech, Palo Alto, CA), and a-hMRE11 (Novus Biologicals, Inc., Littleton, CO). The Bio-Dot Microfiltration Apparatus (Bio-Rad, Hercules, CA) was used to immobilize purified proteins on nitrocellulose membranes for subsequent far-Western analysis, for which a procedure described previously was adapted (21) .
Immunoaffinity purification and immunoprecipitation. Nuclear extracts of 293T/f-hMSH5 and 293T/f45 cells were prepared with NP40 lysis buffer containing 1Â complete EDTA-free protease inhibitor cocktail (Roche, Mannheim, Germany), or with the CelLytic-M Mammalian Cell Lysis/Extraction Reagent (Sigma). Purification of FLAG-hMSH5 and its associated proteins was carried out with the anti-FLAG M2-agarose beads (Sigma) by the procedure recommended by the manufacturer. Coimmunoprecipitation analysis of hMSH5 and c-Abl interaction in 293T/f-hMSH5 cells was done with 10 Ag of a-c-Abl or 10 Ag of a-hMSH2 antibodies at 4jC.
Yeast two-hybrid and three-hybrid analyses. cDNA fragments encoding full-length and relevant regions of hMSH5, hMSH4, and c-Abl 1a proteins were cloned into vectors pBTM116, pGBKT7, pGADT7, pAS2-1, pACT2, and pBridge. Yeast two-hybrid and three-hybrid analyses were carried out with the reporter yeast strains AH109 or L40 as described previously (18) (19) (20) .
Ionizing irradiation. Irradiation of cells was carried out at room temperature with a cobalt-60 source at a dose rate of 11 Gy/min. Irradiated cells were harvested 1 hour after treatment.
Glutathione S-transferase-pulldown assay. Glutathione S-transferase (GST)-pulldown assay was done as described previously (18) . Specifically, coding sequences for c-Abl aa1-130 and hMSH5 aa1-109 were cloned inframe into pGEX-6p (Pharmacia, Piscataway, NJ) and pET-28a (Novagen, Madison, WI) vectors, respectively. The resulting expression constructs were then introduced into BL21(DE3)-RIL cells (Stratagene, La Jolla, CA) to produce GST-c-Abl aa1-130 and HA-hMSH5 aa1-109 recombinant proteins. Glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech) were used to capture GST fusion proteins from soluble fractions of cell lysates. Cofractionated proteins were analyzed by Western blotting done with ahMSH5 and a-GST antibodies.
Expression of recombinant proteins in Sf9 cells. The Bac-to-Bac Baculovirus Expression System (Invitrogen) was used to express recombinant hMSH5, c-Abl, and hMRE11 proteins in Sf9 cells. The hMSH5 cDNA ORF sequence was cloned into pFastBac HT to create pFastBac/hMSH5 construct, whereas pFastBac/c-Abl and pFastBac/hMRE11 constructs were kindly provided by Dr. Yosef Shaul (Weizmann Institute of Science) and Dr. Tanya Paull (University of Texas at Austin), respectively. Recombinant baculoviruses encoding each protein were amplified in Sf9 cells for three times to produce high-titer baculoviral stocks before final infection.
Production and purification of recombinant proteins. hMSH5 and hMSH4 cDNA fragments encoding protein interaction domains were subcloned into pET-28a, and the resulting constructs were transformed into BL21(DE3)-RIL to produce recombinant hMSH5 cp-1 and hMSH4 aa844-936 as His 6 fusion proteins. Recombinant proteins were purified under denaturing condition with the TALON Metal Affinity Resins (Clontech). Proteins were renatured gradually by four serial dialyses in 1:1 dilution of initial 6 mol/L guanidine-PBS with the last dialysis in PBS alone.
Results
Amino acid sequence analysis revealed that the hMSH5 NH 2 -terminal region contains a contiguous (Px) 5 dipeptide repeat flanked by two PxxP motifs (Fig. 1) . Intriguingly, the (Px) 5 dipeptide repeat is disrupted in the hMSH5 P29S (Pro 29 Ser) variant encoded by a common hMSH5 polymorphic allele (18) . It is known that the PxxP motif sequence represents a core scaffold in mediating interaction with SH3 domain-containing proteins; therefore, we have explored the possible link between hMSH5 and c-Abl non-receptor tyrosine kinase. In addition to its role in DNA damage response, c-Abl interacts with numerous DNA repair proteins, such as Rad51, Rad52, BRCA1, and WRN (22) (23) (24) (25) , proteins known to be involved in the process of DNA homologous recombination. Furthermore, it has been shown that the c-Abl and p73 association is mediated through a p73 PxxP motif and the c-Abl SH3 domain (26) . These intriguing observations encouraged us to investigate whether hMSH5 could interact with c-Abl in vivo.
To this end, we first purified hMSH5-associated proteins by the anti-FLAG M2-agarose affinity beads from nuclear extracts of 293T/ f-hMSH5 clone 3E ( Fig. 2A) . Immunoblotting analysis of FLAGaffinity purified protein mixture clearly showed that hMSH5 coexisted with c-Abl in the same protein complex, whereas neither was detected in affinity purified fractions from nuclear extracts of parental 293T cells (Fig. 2B) . To validate the observed in vivo interaction between hMSH5 and c-Abl, reciprocal coimmunoprecipitation was done with a monoclonal a-c-Abl antibody (Fig. 2C ). It was evident that the a-c-Abl monoclonal antibody could effectively immunoprecipitate both c-Abl and hMSH5, suggesting hMSH5 interacted with c-Abl in vivo (Fig. 2C ). The specificity of the observed interaction between hMSH5 and c-Abl was validated as the a-c-Abl antibody could not immunoprecipitate hMSH2, whereas a-hMSH2 antibody could only immunoprecipitate hMSH2 but neither hMSH5 nor c-Abl (Fig. 2C) . Thus, our experiments have shown the existence of an in vivo physical interaction between hMSH5 and c-Abl. In consideration of the potential roles of hMSH5 and c-Abl in DNA damage response and homologous recombination, the in vivo association of hMSH5 with c-Abl underscores the possibility of hMSH5 in DNA damage response and repair.
It is conceivable that the NH 2 -terminal region of hMSH5 harboring two PxxP motifs and the (Px) 5 repeat could be involved in interaction with c-Abl. To investigate whether this region physically associates with c-Abl through its SH3 domain, we next did GST-pulldown and two-hybrid analyses to investigate the potential physical interaction between hMSH5 aa1-109 and c-Abl SH3 domain. Specifically, recombinant GST-c-Abl aa1-130 and HA-hMSH5 aa1-109 fusion proteins were generated from pGEX-6p and pET-28a expression constructs, respectively. Soluble fractions of whole-cell lysates containing both HA-hMSH5 aa1-109 and GST-c-Abl aa1-130 proteins (lysate 1), or HA-hMSH5 aa1-109 alone (lysate 2) were used to perform the GST-pulldown assay (Fig. 3A) . Glutathione-Sepharose 4B beads were incubated with lysates 1 and 2, and captured proteins were eluted into five contiguous fractions. As shown in Fig. 3A , immunoblotting analysis showed that hMSH5 aa1-109 was consistently coeluted with GST-c-Abl aa1-130. Moreover, the glutathioneSepharose 4B beads were unable to capture hMSH5 aa1-109 in the absence of GST-c-Abl aa1-130 (Fig. 3A, bottom) . The direct physical interaction between hMSH5 and c-Abl SH3 was then validated in a two-hybrid analysis done with a series of c-Abl deletion constructs in the two-hybrid vector pGBKT7 (Fig. 3B) . The results of this analysis indicated that hMSH5 interacted with the c-Abl SH3 domain, whereas other regions of the c-Abl protein, such as the SH2, kinase, and COOH-terminal domains, were not involved in the interaction (Fig. 3B) , thus confirming the existence of a specific interaction between hMSH5 and the c-Abl SH3 domain. Interestingly, no measurable interaction between the full-length hMSH5 and c-Abl was detected by yeast two-hybrid analysis, although such an interaction was readily detected in human cells (Fig. 2) . Although the Gal4 fusion portions (BD or AD) could potentially affect the interaction between these two proteins, the most likely scenario is that hMSH5 could be a c-Abl substrate and hMSH5 phosphorylation would negatively regulate the interaction between hMSH5 and c-Abl. It has been well established that in human cells, the c-Abl kinase activity is tightly controlled by intramolecular scaffold (SH3 domain) and multiple cellular components functioning as c-Abl inhibitors (27) (28) (29) , whereas there is no functional c-Abl homologue and its corresponding cellular inhibitors in yeast (30, 31) . Therefore, the kinase activity of exogenously expressed c-Abl in S. cerevisiae is solely controlled by autoinhibition through the SH3 domain, which is consistent with the observation that c-Abl expressed in S. cerevisiae is not constitutively active (32) . It is possible that the interaction with the c-Abl SH3 domain could activate c-Abl and cause concomitant hMSH5 tyrosine phosphorylation, presumably leading to a conformational change and the subsequent reduction of protein interaction. An analogous scenario has been described in the regulation of the interplay between c-Abl and BRCA1 (24) . In addition, studies have also shown that the activation of c-Abl tyrosine kinase can result in the phosphorylation of DNA-PKcs, leading to the release of Ku70/Ku80 heterodimer (33, 34) .
Hence, we next attempted to address whether the interplay between hMSH5 and c-Abl could result in c-Abl activation and concomitant phosphorylation of hMSH5 in human, bacterial, and insect cells. To investigate the potential functional link between c-Abl-hMSH5 interplay and cellular DNA damage response in human cells, the wild-type and the kinase-inactive c-Abl (K290R) were expressed separately in 293T/f-hMSH5 cells. These cells were then irradiated with 20 Gy ionizing radiation and hMSH5 was immunoaffinity purified from both ionizing radiation treated and untreated control cells. As shown in Fig. 4 , the results of Western blot analysis of immunoprecipitates clearly indicated that ionizing radiation led to profound phosphorylation of hMSH5 on tyrosine residues (a-p-Tyr blot). The observed ionizing radiation-induced tyrosine phosphorylation of hMSH5 is most likely mediated by c-Abl, as the expression of the kinase-inactive c-Abl (K290R) could not lead to enhanced tyrosine phosphorylation on hMSH5 over the basal level (Fig. 4) . In addition, without exposure to ionizing radiation, expression of c-Abl could not increase hMSH5 phosphorylation, suggesting that c-Abl-mediated hMSH5 phosphorylation is triggered by ionizing radiation. In addition, the levels of hMSH5 and c-Abl protein expression were comparable in cells under different treatments (Fig. 4) . Taken together, the data shows that ionizing radiation promotes c-Abl mediated tyrosine phosphorylation of hMSH5 in human cells, suggesting that the interplay of hMSH5 with c-Abl could have a critical function in DNA damage response.
To validate if the functional interaction between hMSH5 and c-Abl involves c-Abl activation and hMSH5 tyrosine phosphorylation, an experimental system free of interference from endogenous protein kinases, and potential c-Abl regulators was used. Specifically, we Figure 2 . In vivo association of hMSH5 and c-Abl. A, Western blot analysis of 293T stable transfectants expressing FLAG-tagged hMSH5. B, the presence of c-Abl in hMSH5-associated protein complex. Nuclear extracts from clone 3E and parental 293T cells were used to purify hMSH5 and its associated proteins with the anti-FLAG M2-agarose beads. The presence of hMSH5 and c-Abl in the immunoaffinity-purified preparation was analyzed by immunoblotting done with a-hMSH5 and a-c-Abl antibodies. C, coimmunoprecipitation analysis of hMSH5 and c-Abl interaction in 293T cells. Cell extracts of 293T/f-hMSH5 were incubated separately with a-c-Abl and a-hMSH2 antibodies. The resulting immunoprecipitates were analyzed by Western blots done with a-hMSH5, a-c-Abl, and a-hMSH2 antibodies. Lysate, 293T/f-hMSH5 cell extracts. kDa, molecular weight (M r ) in thousands.
expressed the full-length c-Abl and hMSH5 cp-1 or the control protein GFP in BL21(DE3)-RIL cells, from which soluble fractions of crude lysates were used for immunoblotting analysis done with a-pTyr and a-c-Abl antibodies. The cp-1 mutant is composed of amino acid residues 731 to 833 and 1 to 109 of the hMSH5 protein, which contains the c-Abl interacting motif and represents the fully functional hMSH4-interacting domain (18) . This internal deleted form rather than the full-length hMSH5 was tested here because only the hMSH5 cp-1 fragment could be well expressed in bacterial cells as a soluble protein. It is known that phosphorylation of c-Abl SH3 domain at Tyr 115 (Tyr 134 in c-Abl 1b) along with other tyrosine residues occurs during the process of c-Abl activation (35) . Evidently, the coexpression of hMSH5 cp-1 led to c-Abl autophosphorylation at tyrosine residues, which was further substantiated by the lack of c-Abl activation when it was expressed together with GFP (Fig. 5A) . Remarkably, the activated c-Abl could efficiently phosphorylate hMSH5 cp-1 (Fig. 5A) . We then tested whether the hMSH5 P29S variant could display differential effects on the activation of c-Abl by the use of the same bacterial expression system. As shown in Fig. 5B , in contrast to hMSH5 cp-1, coexpression of hMSH5 cp-1 P29S and c-Abl led to enhanced c-Abl autophosphorylation, which was readily detected by a c-Abl-specific phospho-Tyr 245 antibody. Furthermore, the phosphorylation of hMSH5 by c-Abl could be recapitulated in Sf9 cells (Fig. 5C) . Specifically, the coexpression of hMSH5 with c-Abl in Sf9 cells could lead to hMSH5 phosphorylation, and this modification was specific for hMSH5 as no hMRE11 phosphorylation was observed in the parallel control experiment (Fig. 5C) . Together, the data show that hMSH5 is a c-Abl substrate, and the interaction of hMSH5 with c-Abl through its SH3 domain could potentially be involved in the modification of c-Abl kinase activity.
To examine the potential downstream effects of the interaction between hMSH5 and c-Abl, we analyzed whether c-Abl could regulate the formation of hMSH5-hMSH4 heterocomplex. To this end, a ''three-hybrid'' approach was employed, in which the fulllength c-Abl cDNA was inserted into pBridge-based constructs harboring either hMSH5 or hMSH4 ORF (20) . The effects of c-Abl on the interaction between full-length proteins, as well as between hMSH4 and hMSH5 cp-1, were investigated. The results indicated that the expression of c-Abl in AH109 transformants completely abolished the interaction between hMSH5 cp-1 and hMSH4 and reduced the interaction between hMSH5 and hMSH4, whereas all AH109 double transformants grew efficiently on SD/-Leu-Trp medium (Fig. 6A) . The observed effect of c-Abl on hMSH5-hMSH4 complex was highly specific, as expression of c-Abl did not affect the interaction between p53 and T-antigen (Fig. 6A) . Because no detectable interaction was observed between the full-length c-Abl and hMSH5 in yeast (Fig. 3B) , the reduction of hMSH5-hMSH4 interaction by c-Abl was most likely caused by protein posttranslational modification rather than the competition between c-Abl and hMSH4 for the binding of hMSH5. Consistent with the results presented in Fig. 5B , immunoblot analysis showed that the expression of hMSH5 could promote c-Abl autophosphorylation in yeast and this effect was more prominent for the mutant hMSH5 P29S protein (data not shown). However, our semiquantitative yeast two-hybrid analysis suggested that hMSH5 P29S could only slightly enhance protein interaction between hMSH5 and c-Abl SH3 domain, but this effect was not statistically significant (data not shown). It is conceivable that the conformational change caused by the P29S alteration would not significantly affect protein interaction with c-Abl.
To validate that tyrosine phosphorylation by c-Abl plays a role in the regulation of hMSH5-hMSH4 heterocomplex formation, we purified recombinant hMSH5 cp-1 and hMSH4 aa844-936 (containing hMSH5-interacting domain; refs. 18, 19) , as well as hMSH5 cp-1 coexpressed with GST-c-Abl from BL21(DE3)-RIL cells (Fig. 6B, top) . Immunoblotting analysis confirmed that coexpression with c-Abl led to phosphotyrosine containing hMSH5 cp-1 protein (designated as pTyr-hMSH5 cp-1; Fig. 6B ). To test whether tyrosine phosphorylation leads to a reduction in protein interaction between hMSH5 and hMSH4, far-Western blotting analysis was done with the purified proteins. As presented in Fig. 6B (bottom) , immobilized pTyr-hMSH5 cp-1 and hMSH5 cp-1 proteins but not the control protein bovine serum albumin (BSA) specifically interacted with hMSH4 aa844-936 fragment. Furthermore, with hMSH5 cp-1 as a reference, immobilized pTyr-hMSH5 cp-1 displayed weakened interaction with hMSH4 aa844-936 (Fig. 6B) . In addition, the specificity of the far-Western analysis was validated with the inclusion of BSA, as well as the addition of antibody specificity and protein loading controls (Fig. 6B, Control) . Together with the results of yeast three-hybrid analysis, the far-Western data show that phosphorylation by c-Abl kinase leads to the weakening of hMSH4-hMSH5 interaction, implying the hMSH4-hMSH5 heterocomplex could be subjected to regulation in the cells. Consistent with this view, experiments done with 293T/f45 cells, stable transfectants expressing both hMSH4 and hMSH5 proteins (19) , showed that ionizing radiation (20 Gy) significantly compromised the integrity of the hMSH4-hMSH5 heterocomplex in these cells (Fig. 6C) . Specifically, the a-hMSH4 antibody could only coimmunoprecipitate a relatively small amount of hMSH5 from ionizing radiation-treated 293T/f45 cells compared with that of the untreated control cells, despite approximately equal amounts of hMSH4 were present in both immunoprecipitates (Fig. 6C) . Furthermore, coimmunoprecipitation experiments done with a-FLAG showed that c-Abl coexisted with hMSH4-hMSH5 complex in untreated cells (data not shown). Together, this series of experiments supports the view that activation of c-Abl tyrosine kinase will lead to hMSH5 phosphorylation, of which one functional consequence is the attenuation of the interaction between hMSH4 and hMSH5.
Discussion
In the present study, we show that hMSH5 is both physically and functionally associated with c-Abl non-receptor tyrosine kinase; the latter represents a critical mediator for DNA damage-induced cellular response, in which c-Abl activation is primarily caused by ATM-mediated phosphorylation (36, 37) . Constitutive activation of c-Abl kinase activity, such as in the case of oncogenic Bcr-Abl, has been linked to the development of chronic myeloid leukemia and a subset of acute lymphocytic leukemia (38) . Being one of the critical regulators in the DNA damage response circuit, the kinase activity of the nuclear c-Abl in human cells is controlled by the outcome of interactions among intramolecular scaffold and multiple cellular components functioning as c-Abl inhibitors (27, 28) .
Our study suggests that hMSH5 is a potential substrate and an activator for c-Abl. Because the SH3 domain is known to play an essential role in c-Abl autoinhibition through intrinsic intramolecular interactions (28) , presumably the activation of c-Abl could be achieved by liberating intramolecular constrains through the interaction between hMSH5 proline-rich NH 2 terminus and c-Abl SH3 domain. Apparently, the in vivo c-Abl activation by hMSH5 has to circumvent the inhibitory effects of many other c-Abl regulators. In this context, the observed in vivo association between hMSH5 and c-Abl supports a view that hMSH5-mediated c-Abl activation must be dynamically regulated by a yet-to-be-defined mechanism. Obviously, the molecular definition of hMSH5-associated protein complex, as well as the understanding of its dynamic composition in response to cellular stimuli, is essential to fully appreciate the functions associated with hMSH5.
The observation that hMSH5 and c-Abl exist in a common protein complex in human cells (Fig. 2) underscores the potential involvement of hMSH5 in DNA damage response and repair. Increasing evidence indicates that both hMSH5 and c-Abl are involved in the process of homologous recombination. This view is particularly pertinent to the observation that the strand exchange activity of Rad51 is regulated by c-Abl, and that the phosphorylation of Rad51 by c-Abl modifies its function in homologous recombination repair of DNA double-strand breaks (22, 39) . Consistent with the view that homologous recombination is a prerequisite for functional chromosome pairing in mammals (11, 40) , mouse lacking functional Msh5 displayed defective homologous chromosome pairing (11, 12) . Besides interaction with many proteins that are involved in DNA homologous recombination, c-Abl is also known to negatively regulate DNA-PK complex leading to the release of DNA-PKcs and Ku70/Ku80 heterodimer (33, 34) . Thus, the interplay between hMSH5 and c-Abl could impinge on the balance between homologous recombination and nonhomologous end joiningmediated repair of DNA double-strand breaks.
Consonant with our observation that overexpression of hMSH5 in human cells confers increased cellular sensitivity to ionizing radiation, 1 the interaction between hMSH5 and c-Abl could be expected to play a role in DNA damage sensing and signaling. The current available evidence supports a role of hMSH5 in cellular response to DNA damage, and this effect of hMSH5 could be resulted from the dynamic interplay with c-Abl. Obviously, a better understanding of the functional consequences associated with hMSH5 phosphorylation by c-Abl awaits the future identification of the involved tyrosine residues and the clarification of the precise functional roles of hMSH5 phosphorylation in DNA damage response. The potential involvement of hMSH5 in DNA damage response has gained experimental support as a Y823H mutant of the S. cerevisiae hMSH5 homologue was found to mediate cellular tolerance to DNA-alkylating agents (17) . To reconcile the apparent absence of a functional c-Abl homologue in yeast, we speculate that yeast and human MSH5 homologues play overlapping but distinct functional roles in DNA damage response. This view is well reflected by the observed functional diversity associated with yeast and mammalian MSH5 in meiotic homologous recombination, of which yeast MSH5 promotes chromosomal crossover events, whereas the mouse counterpart is required for homologous chromosome pairing or possibly homology searching (11, 41) . Alternatively, it is possible that other kinases, unrelated to c-Abl, could act together with MSH5 in yeast to mediate DNA damage responses. Figure 6 . Regulation of hMSH4 and hMSH5 interaction by c-Abl. A, all of the constructs used in the analysis of complex protein interactions were created with pBridge and pACT2 or pGADT7 vectors. The effects of c-Abl on the formation of hMSH5-hMSH4 heterocomplex were evaluated by the growth potentials of AH109 double transformants on selection medium SD/-Leu-Trp-Ade-His. The effects of c-Abl on the interaction between p53 and T-antigen were examined as a specificity control. B, far-Western analysis of the effects of tyrosine phosphorylation on hMSH5-hMSH4 heterocomplex formation. His-tagged hMSH5 cp-1 and hMSH4 aa844-936, as well as phosphotyrosine containing hMSH5 cp-1 from bacterial cells co-expressing a kinase-active GST-c-Abl (top left) were affinity purified. Immunoblotting with a-p-Tyr was used to discriminate proteins containing phospho-tyrosine (top right ). Bottom, approximately equal amounts of purified His 6 -tagged hMSH5 cp-1, pTyr-hMSH5 cp-1 proteins, or BSA were immobilized directly on the same nitrocellulose membrane, which was then probed with purified His 6 -tagged hMSH4 aa844-936 followed by a conventional Western blotting with a-hMSH4 antibody to detect captured hMSH4. C, analysis of hMSH4-hMSH5 interaction in ionizing radiation-treated 293T/f45 and untreated control cells. Irradiation of cells was carried out with 20 Gy ionizing radiation, and cells were harvested 1 hour after treatment. Approximately 10 Ag of a-hMSH4 antibody were used to perform immunoprecipitation analysis. CONTROL, loading and antibody specificity control. kDa, molecular weight (M r ) in thousands.
Human hMSH5 and c-Abl www.aacrjournals.org
